-dependent reactions nerve terminals, fill with neurotransmitters, and dock at centered on opposing membranes. However, the notion the active zone (reviewed in Sü dhof, 1995). Furthermore, that synaptotagmins 1 and 7 may function as complefor sustained release during repetitive stimulation, synmentary Ca 2ϩ sensors has been questioned. In studies aptic vesicles must undergo rapid endocytosis and recyof fibroblast growth factor 1 secretion, synaptotagmin cling after exocytosis. Thus, the biogenesis, mainte-1 was proposed to be an essential ubiquitous plasma nance, and recycling of synaptic vesicles are as membrane protein that mediates nonclassical secretion important for overall synaptic transmission as exo- It has been suggested that the differential localization ousse and Kelly, 2001), we found that a truncated synaptotagmin 1 that lacked either the C 2 B domain or both of synaptotagmin 1 in neuroendocrine versus nonneuronal cells is due to the selective internalization of sythe C 2 A and the C 2 B domain was constitutively localized to the plasma membrane ( Figures 3A and 3B ). This result naptotagmin 1 in neuroendocrine but not nonneuronal cells (Jarousse and Kelly, 2001; Dasgupta and Kelly, raised the possibility that the C 2 B domain of synaptotagmin 1 harbors a signal for internalization that is absent 2003). To examine this possibility, we produced synaptotagmins 1 and 7 with an N-terminal (extracellular) myc from the synaptotagmin 7 C 2 B domain, a hypothesis that agrees well with the structural differences between the tag and transfected them into PC12 cells. We then incubated the transfected PC12 cells with antibodies to the synaptotagmin 1 and 7 C 2 B domains (Fernandez et al., 2001 ). To test this hypothesis, we constructed chimeric myc epitope for 1 hr at 0ЊC or 37ЊC, washed, fixed, and permeabilized the cells, and visualized the localization synaptotagmin 1/7 proteins in which the cytoplasmic and noncytoplasmic sequences of synaptotagmins 1 of the myc-epitope antibodies by immunofluorescence. At 0ЊC, we observed efficient cell surface labeling for and 7 were exchanged ( Figure 3A , chimeras #1 and #2). The chimeras were joined in the middle of the TMR and synaptotagmin 7 but no surface labeling or uptake for synaptotagmin 1 (Figure 2C ). At 37ЊC, we still detected were examined as EYFP fusion proteins in both PC12 and AtT-20 cells to ensure that the results do not reflect only cell surface labeling for synaptotagmin 7 without internalization but now found intracellular labeling for a cell line-specific phenomenon ( Figure 3B and Supplemental Figure S1 (http://www.neuron.org/cgi/content/ synaptotagmin 1. Thus, synaptotagmin 7 is resistant to endocytosis even during prolonged incubation at 37ЊC, full/41/1/85/DC1). Surprisingly, we found that transplanting the short while synaptotagmin 1 recycles via the plasma membrane at 37ЊC but not at 0ЊC as expected for a membrane N-terminal sequence of synaptotagmin 1 onto synaptotrafficking event.
tagmin 7 was sufficient to redirect synaptotagmin 7 from the plasma membrane to intracellular vesicles (chimera #1, Figure 3B ). Conversely, when we transferred the Mapping the Vesicular Targeting Sequence N-terminal region of synaptotagmin 7 onto the cytoof Synaptotagmin 1 plasmic synaptotagmin 1 sequences, we observed loTo identify the sequences that mediate the differential localizations of synaptotagmins 1 and 7, we examined calization to the plasma membrane (chimera #2, Figure Figure 2 . construct-specific artifact (e.g., the chimeric TMR) and to narrow down the precise sequence motif that is 3C) and that the synaptotagmin 1 EYFP fusion protein is also N-glycosylated ( Figure 3D ). In contrast, the syrequired for targeting, we produced additional chimeric proteins in which smaller parts of the extracellular senaptotagmin 7 EYFP fusion protein is not N-glycosylated but becomes N-glycosylated after the N-terminal sequences of synaptotagmins 1 and 7 were exchanged ( Figure 3A) . These constructs confirmed that the N-terquence of synaptotagmin 1 is inserted ( Figure 3D ). To test whether N-glycosylation of synaptotagmin 1 minal sequence of synaptotagmin 1 directs localization to intracellular vesicles, and restricted the targeting separticipates in vesicular targeting, we produced a point mutant of synaptotagmin 1 (N24Q) that substitutes asquence of synaptotagmin 1 down to its N-terminal 29 residues (chimeras #3-#6, Figure 3B) . paragine 24 for glutamine, a conservative substitution that abolishes N-glycosylation ( Figure 3D ). We transfected verted the localization of synaptotagmin 1 to that of synaptotagmin 7. wild-type synaptotagmins 1 and 7 and N24Q mutant synaptotagmin 1 as EYFP fusion proteins into PC12 and
The plasma membrane localization of the N24Q mutant suggests that intravesicular N-glycosylation of syAtT-20 cells and stained the cells with fluorescent FM4-64 dye as a plasma membrane marker. Confocal microsnaptotagmin 1 is essential for endocytosis. To examine this hypothesis by an independent method that does copy ( Figure 4A ) revealed that, in both neuroendocrine cells, the N24Q mutation quantitatively redirected synot rely on an EYFP fusion protein, we employed the endocytosis assay described in Figure 2C using N-ternaptotagmin 1 from intracellular vesicles to the plasma membrane. Thus, a single point mutation, N24Q, conminally myc-tagged wild-type and N24Q mutant synap- totagmin 1 ( Figure 4B ). When we applied the antibody synaptotagmin 1, whereas wild-type synaptotagmin 1 was transported to intracellular vesicles ( Figure 4B ). to the N-terminal myc tag to the medium, we detected the N24Q mutant synaptotagmin 1 on the cell surface Quantitation of the ratio of intracellular to plasmalemmal fluorescence values using confocal imaging revealed at both 0ЊC and 37ЊC. Even after 1 hr of incubation at 37ЊC, we observed no internalization of the N24Q mutant that wild-type synaptotagmin 1 but not N24Q mutant synaptotagmin 1 was efficiently internalized (Supplesequence near the C terminus. It was inserted into the same position as the synaptotagmin 1 sequence in chimental Figure S2 [http://www.neuron.org/cgi/content/ full/41/1/85/DC1]). To exclude the possibility that intermera #8. As a negative control, we substituted glutamine for asparagine in the randomized sequence (chimera nalization or lack thereof depended on either the N-terminal myc-epitope or the C-terminal EYFP fusion of #10). In transfected 293 cells, synaptotagmin 7 containing the randomized N-glycosylation sequence was synaptotagmin 1, we introduced the N24Q mutation into unmodified synaptotagmin 1 and monitored the cycling N-glycosylated whereas the NQ mutant of this sequence was not ( Figure 5B ). We then analyzed both chimeras of N24Q mutant and wild-type synaptotagmin 1 using a monoclonal antibody to the N-terminal intravesicular for vesicular targeting and internalization. Only the N-glycosylated but not the nonglycosylated synaptotagsequence of synaptotagmin 1 (Matteoli et al., 1992). The monoclonal antibody only detected surface-exposed min 7 chimera was internalized at steady state ( Figure  5C ) and localized to intracellular vesicles ( Figure 5D ). synaptotagmin 1 with N24Q mutant but not wild-type synaptotagmin 1 (Supplemental Figure S3) . Thus, three These data demonstrate that the exact sequence of the N-terminal region of synaptotagmin 1 is not essential types of experiments show that internalization of synaptotagmin 1 in neuroendocrine cells requires intravesicuto confer internalization and vesicular localization onto synaptotagmin 7 but that only a functional N-glycosylalar N-glycosylation.
A potential concern is that N24Q mutant synaptotagtion site is needed. min 1 and/or wild-type synaptotagmin 7 may not normally be plasma membrane proteins but, when over-
Viral Rescue of Synaptic Responses in KO expressed, suppress endocytosis by an unknown
Neurons Lacking Synaptotagmin 1 mechanism. To address this concern, we incubated Is the N-glycosylation of synaptotagmin 1 functionally transfected cells with fluorescent transferrin and tested important for neurotransmitter release? To address this, whether expression of N24Q mutant synaptotagmin 1 or we first tested whether N-glycosylation is essential for wild-type synaptotagmin 7 altered uptake of transferrin the normal localization of synaptotagmin 1 in neurons. (Figure 4C ). We detected no difference in transferrin We expressed wild-type and N24Q mutant synaptotaguptake between transfected and adjacent nontransmin 1 (without GFP or an epitope tag) in high-density fected cells, suggesting that the cell-surface localization cultures of hippocampal neurons using recombinant of the N24Q mutant synaptotagmin 1 and wild-type Semliki Forest viruses and selectively visualized synapsynaptotagmin 7 cannot be explained by a global inhibitotagmin 1 in the plasma membrane by staining fixed, tion of endocytosis.
nonpermeabilized neurons with the monoclonal antibody that is directed to the extracellular N terminus of synaptotagmin 1 (Supplemental Figure S4 [http://www. N-Glycosylation in Combination with Cytoplasmic C 2 Domains Is Sufficient to Mediate neuron.org/cgi/content/full/41/1/85/DC1]). These experiments showed that Ͼ3 times more synaptotagmin 1 was Internalization Is N-glycosylation the signal that mediates internalizapresent on the neuronal surface in neurons expressing N24Q mutant synaptotagmin 1 than in neurons expresstion of synaptotagmin 1 into secretory vesicles (and of synaptotagmin 7 when it is mutated), or do other feaing wild-type synaptotagmin 1. These results indicate that, in neurons, the internalization of synaptotagmin 1 tures of the intravesicular sequence of synaptotagmin 1 participate? To address this question, we first inserted from the plasma membrane also depends on N-glycosylation, although the widespread overexpression of the smaller segments of the synaptotagmin 1 intraluminal sequence into the N-terminal region of synaptotagmin virally expressed synaptotagmins does not allow the determination of whether some of the N24Q mutant sy-7 (chimeras #7 and #8, Figure 5A ). These chimeras were constructed as N-terminally myc-tagged proteins to naptotagmin 1 additionally "leaked" onto synaptic vesicles, and some of the wild-type synaptotagmin 1 may allow monitoring of synaptotagmin internalization (see Figure 2C ) or as C-terminal EYFP fusion proteins to have lingered on the plasma membrane. We next investigated whether the differentially localallow visualization of the steady-state localization of the respective proteins. Synaptotagmin 7 chimeras conized synaptotagmin 1 variants have distinct effects on Ca 2ϩ -triggered synaptic vesicle exocytosis. To examine taining 25 and 18 residues of synaptotagmin 1 were N-glycosylated in transfected 293 cells ( Figure 5B ) and this question, we employed two control mutants in addition to the N24Q mutant synaptotagmin 1 described efficiently internalized in transfected PC12 cells at 37ЊC but not 0ЊC ( Figure 5C ). Furthermore, these chimeras above: R233Q mutant synaptotagmin 1 that exhibits a decrease in apparent Ca 2ϩ affinity and was characterexpressed as EYFP fusion proteins were localized to vesicles at steady state ( Figure 5D ). ized in knockin experiments (Ferná ndez-Chacó n et al., 2001); and the so-called 6DA mutant synaptotagmin 1 We next constructed a chimeric synaptotagmin 7 containing a random 18 residue sequence that contains a in which Ca 2ϩ binding to both C 2 domains is abolished because three critical aspartate residues in the C 2 A and similar amino acid composition to the 18 residue synaptotagmin 1 insertion sequence of chimera #8 but shares the C 2 B domain are replaced by alanine residues (hence "6DA"). The R233Q was used as a positive control to no sequence homology with synaptotagmin 1 except for the presence of an N-glycosylation site (chimera #9, validate the rescue system because its phenotype can be predicted from the results of the knockin experi- Figure 5A ). The random sequence (SAPSSLAQPAIQ NATDAS) exhibits no sequence homology to a known ments, and the 6DA mutant was used as a negative control because its inability to bind Ca 2ϩ should abolish protein and was solely designed to be rich in short-chain amino acids and include an N-glycosylation consensus its function. which causes facilitation of synaptic responses during repetitive stimulation. This phenotype is also reproduced with virally expressed R233Q mutant synaptotagmin 1 which caused synaptic facilitation during repetitive stimulation at 10 Hz and 50 Hz (Figures 6C and 6D ). Together these results validate the rescue approach in spite of the protein overexpression induced by the viral infections. lease (Figure 7) . Unexpectedly, we found that N24Q mutant synaptotagmin 1 suppressed the size of both action potential-induced EPSCs and of sucrose-induced EPSCs by approximately 50% compared to wild-type synaptotagmin 1 (Figures 7B and 7C) . In contrast, synapses expressing R233Q mutant synaptotagmin 1 exhibited a selective decrease in Ca 2ϩ -evoked release and vesicular release probability but displayed no change in sucrose-induced responses as observed in knockin mice (Ferná ndezChacó n et al., 2001 ). Since the vesicular release probability P vr is derived from the ratio of action potential-to sucrose-induced EPSCs, it was decreased in R233Q mutant synapses but normal in synapses expressing N24Q mutant synaptotagmin 1 (Figure 7D) , consistent with the unchanged short-term plasticity of these synapses (Figure 6 ). These results suggest that even though N24Q mutant synaptotagmin 1 can partially rescue the KO phenotype, mislocalization of synaptotagmin 1 due to deficient N-glycosylation in the N24Q mutant has a severe effect on synaptic responses. The synaptic phenotype of the N24Q mutant is surprising because deletion of synaptotagmin 1 itself has no effect on the readily-releasable pool (Geppert et al., 1994, 1997), indicating that mislocalization of synaptotagmin 1 acts as a dominant negative that alters the availability of synaptic vesicles for release. synaptotagmin 1 to probe for a potential dominant-negative role, and 6DA mutant synaptotagmin 1 as an inactive negative control that provides another point of comsynaptotagmins ( Figure 8D ). This increase was conparison for overexpressed wild-type and N24Q mutant firmed in repetitive stimulation experiments which resynaptotagmin 1 (Figure 8) . As above, all proteins were vealed that overexpression of wild-type synaptotagmin expressed without a myc or EYFP tag by infecting neu-1 induced increased depression, consistent with a rons with recombinant Semliki Forest viruses.
Effect of Overexpressed Wild-Type and Mutant Synaptotagmin 1 on Neurotransmitter Release in Wild-Type Neurons
higher release probability ( Figures 8E and 8F ). Viewed We found that, compared to noninfected neurons, together, these experiments establish that mislocalizaviral expression of the 6DA mutant did not produce sigtion of synaptotagmin 1 caused by the N24Q mutation nificant changes in EPSC amplitude, sucrose response, results in a change in neurotransmitter release. or vesicular release probability, suggesting that the 6DA mutant is a good control (Figure 8 The mechanistic basis for this requirement may be a neuron-specific factor that couples the N-glycosylated these mice but decreased the size of the readily releasable pool by ‫%05ف‬ (Figures 6 and 7) . Furthermore 
minal.
Hippocampal CA3-dentate gyrus region was collected from neonatal mice, and dissociated neuronal cultures were prepared as ATP-Na 2 , 4; creatine phosphate, 15; phosphocreatine kinase (20 U/ml), EGTA, 1; buffer pH 7.3; 300 mOsm. Chemicals were purImmunocytochemistry chased from Sigma. Fixed AtT-20 cells and hippocampal neurons were blocked in PBS containing 3% goat serum and 3% dry milk for 1 hr at room temperaMiscellaneous Procedures ture. Cells were first labeled with a monoclonal antibody against Polyclonal antibodies to GFP (T3743) were raised against HisSyt1's N terminus (Cl604.4, 1:500) and Alexa 568-conjugated goattagged recombinant GFP subcloned into BamHI/HindIII site of the anti-mouse IgG (1:1000, Molecular Probes). These cover glasses pQE9 vector (Qiagen), expressed in BL21(DE3) E. coli strain (Strawere then blocked again in PBS containing 3% goat serum, 3% dry tagene). The recombinant protein was purified on Ni-NTA agarose milk, and 0.1% Tx-100 for 30 min to permeabilize cell membrane.
(Qiagen) according to the manufacturer's protocol and used for After blocking and permeabilization, cells were probed with a polyimmunizations as described (Johnston et al., 1989) . For SDS-PAGE clonal antibody against Syt1 C2A (V761, 1:500) and then Alexa 488-and immunoblotting, transfected HEK293 cells were collected and conjugated goat-anti-rabbit IgG (1:1000, Molecular Probes). Cover divided into two groups: with one group receiving PNGase F (NEB) glasses were then mounted on slides and sealed for observation. treatment and one group receiving mock treatment. Samples were then mixed with SDS sample buffer and boiled. After the samples Transferrin Uptake were resolved by SDS-PAGE, they were electroblotted to Nylon Two days after transfection with pCMV5-Syt1 N24Q -EYFP or pCMV5-membrane (Amersham). The membrane was probed using polySyt7-EYFP, PC12 cells on coverslips were first washed twice in clonal antibody against GFP (T3743) and horseradish peroxidasemodified PBS (PBS ϩ ϭ PBS plus 1 mM MgCl 2 , 1 mM CaCl 2 , 0.2% conjugated secondary antibody. BSA, and 5 mM glucose) and incubated in serum-free MEM (GIBCO) for 60 min at 37ЊC. MEM was then removed, and PBS ϩ containing
